The multicellular model organism Caenorhabditis elegans is a small nematode of approximately 1 mm in size in adulthood that is genetically and experimentally tractable. It is economical and easy to culture and dispense in liquid medium which makes it well suited for medium-throughput screening. We have previously validated the use of transgenic luciferase expressing C. elegans strains to provide rapid in vivo assessment of the nematode's ATP levels.
Introduction
The overall purpose of this procedure is the rapid quantification of the energy status of C. elegans in vivo with a view to using this as an endpoint in compound screening. The rationale is based on the transgenic expression of firefly luciferase in the nematode C. elegans [1] [2] [3] via the plasmid pSLGCV ( 1 https://www.addgene.org/49862). The luciferase enzyme is fused to the green fluorescent protein GFP and is expressed constitutively and ubiquitously in the cytoplasm (the luciferase peroxisome targeting signal was removed). This leads to light emission when the substrate luciferin is provided exogenously. As the worm is transparent, light can be measured in a luminometer as relative light units (RLU). Cellular ATP fuels the bioluminescence reaction and its availability determines the light levels produced. Consequently, luminometry offers a convenient means of assessing relative ATP levels and by extension mitochondrial function, since ATP production occurs mainly in mitochondria. A link between mitochondrial function and bioluminescence levels has been demonstrated previously through the silencing of mitochondrial electron transport chain genes and concomitant reduced light output. 1 The bioluminescence strains generated were designated PE254(feIs4) and PE255(feIs5) 1 (see materials list) and can be used interchangeably. 3 A number of studies have utilized these sensor strains to report on cellular ATP levels in vivo following exposure to various xenobiotic chemicals such as sodium azide 1 , cadmium 2 , sewage sludge extract 3 , 5'-fluoro-2-deoxyuridine 6 , and a tobacco-specific nitrosamine 7 . The strains have also been useful to monitor effects of exposure to ultraviolet C radiation 8 and effects of disrupting the mitochondrial respiratory chain function. 1, 9 An early version of the luminescence sensor expressing the luciferase gene without a GFP fusion (PE39) has also been used in the investigation of effects of heavy metals and of a respiratory uncoupler. 10 Strains PE254 and PE255 carry the luciferase:GFP fusion and GFP fluorescence was shown to increase proportionally with nematode mass, offering a convenient means for normalization of luminescence values. 6, 9 The effects of differential amount of worms per well can also be taken into account by including multiple technical replicates in the assay (a minimum of 5 wells per condition).
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The protocol offers the possibility of in vivo monitoring of energy levels (as opposed to more technically laborious in vitro ATP determinations) enabling compound screening and repositioning in the physiological context of a whole multicellular organism. The procedure can be extended to a variety of genetic backgrounds by crossing the chromosomally integrated transgene into available mutant strains and/or by silencing genes by RNA interference; thus, taking full advantage of C. elegans as a model organism. The method should help reduce late phase failure of drug candidates due to mitochondrial toxicity and make a contribution towards reduction of higher animal testing.
NOTE: Harvested eggs will hatch O/N and arrest development at the first larval instar (L1) due to lack of food, hence they will all be at the same stage of growth.
3. Day 5 task: set up synchronized worm cultures for drug assays. NOTE: Worms suspended in starvation medium tend to adhere to hydrophobic plastic surfaces such as pipette tips and tubes. 0.01% tween-20 is a surfactant used here to render plastic surfaces more hydrophilic and allow greater accuracy in counting (0.01% triton-X100 can also be used). When nematodes are in the bacterial supplemented medium, they don't tend to stick to plastic. 1. Determine numbers of hatched L1's in flask, keep flask on shaking platform (160 rpm). 1. Take 3x 100 μl samples from flask (use a clean tip each time) into separate 1.7 ml microtubes with 900 μl liquid medium 0.01% Tween-20. NOTE: Aspire 100 μl sample into the clean tip only once. Then when dispensing, pipette up and down a few times into the tween supplemented medium to release any worms adhering to the tip. 2. Count the nematodes in 4x 10 μl droplets from each triplicate dilution tube. Calculate average value and estimate the number of worms present in the conical glass flask.
2. Calculate the volume of hatched nematode suspension required to set up a 2 x 20 ml culture with 10 nematodes per 10 μl. Increase calculated volume by 10% to account for some subsequent nematode loss during centrifugation steps. 3. Decant volume required into 2 x 15 ml centrifugation tubes (pre-weighed). Weigh tubes to obtain actual volume dispensed, vortex gently and adjust to target volume by removing excess volume with a 5 ml pipette (only the sterile tip should enter the tube). 4. Make up volume to 14 ml with fresh S complete to wash nematodes. Centrifuge (1 min, 600 g). Remove and discard supernatant with care not to disturb the nematode pellet. 6. Part-prepare the luminescence buffer for next day: add DMSO and 10% Triton-X-100 to the required volume of S complete to obtain 1% DMSO and 0.15% Triton X-100. Allow 5 ml per plate read for luminescence, plus 1 ml for priming luminometer injector.
Day 8 task:
Read experimental endpoints -fluorescence and bioluminescence. (GFP fluorescence readings are recommended as a means to normalize bioluminescence data.) NOTE: Aim to read endpoints by 66-67 hr after food provided to nematodes in order to prevent significant progeny production under the experimental conditions described. 1. Set up plate to use as background control for GFP readings. Combine well contents from 13 th plate into a 15 ml tube. Allow nematodes to settle (2-3 min). Use supernatant to load a microplate (black with transparent bottom) with 100 μl bacterial suspension per well. 1. Observe background control plate under microscope noting down wells where nematodes can be seen. Exclude these from the background estimate used in subsequent data analysis.
Data Analysis
1. Subtract average GFP background reading from fluorescence results. Divide bioluminescence by respective GFP reading. 1. When a high GFP value is detected for nematodes exposed to a compound, measure fluorescence of the compound on its own to account for any compound fluorescence. If higher than average, use this as the background instead.
2. Express bioluminescence, GFP normalized bioluminescence and GFP fluorescence data as a percentage of the average value for vehicle control in each plate. 3. Plot average values and error bars for each concentration. 4. Test for statistical significance using 2-way analysis of variance (ANOVA) with effects of 'Concentration', 'Experiment' and their interaction (each data point refers to a single well), and use the Dunnett test as post-hoc test (vs. vehicle control). NOTE: If the "experiment" or the "interaction" terms are significant, further experiments may be required to confirm response. Where no variability between experiments is apparent from observation of data plots, a One-way ANOVA can be performed on pooled data from independent experiments. 1. For the statistical analysis of plate(s) with vehicle only, select all wells in columns 6 -7 and all wells in row H as control group (these are the positions routinely assigned to vehicle during compound testing).
Representative Results
Representative results to illustrate the method were obtained for rotenone (Figure 1) , paraquat (Figure 2) , oxaloacetate (Figure 3) , and 4 compounds that were picked up as firefly luciferase inhibitors during screening of a drug library 13 ( Figure 4) . The drug exposure was started at the L4 stage in all cases, but the paraquat exposure experiments were started at 41 hr after food first provided to nematodes compared to 45-46 hr for the other compounds. The protocol allows for a degree of flexibility in the selection of time for the initiation of the drug exposure and the exposure length. However, for screening purposes, set times should be adhered to once selected, for reproducibility between experiments. Endpoints should be measured by 66-67 hr developmental time in order to prevent extensive egg laying and hatching of progeny in wells. Guidelines for timings are provided in Table 1 .
Rotenone, a mitochondrial complex I inhibitor, reduced bioluminescence after both relatively short (2 hr) and longer exposures (24 hr) to a range of concentrations (Figure 1) . In this instance, no GFP measurements were taken, but the number of technical replicates used (n=6) is sufficient to even out any differences in worm numbers between wells
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. The 24 hr exposure is a window of time over which nematodes grow, and slower development as a result of complex I inhibition was expected to contribute to the decline in bioluminescence. This was confirmed by visual observation under stereoscope with delayed development seen, particularly at concentrations of 20 μM and above; in addition some lethality was noticed from 40 μM (qualitative observations not quantified). No lethality was observed after 2 hr exposure but effects on worm movement were seen. A sharp decline in bioluminescence relative to controls occurred at the lowest concentration of rotenone tested 2.5 μM, for which effects were not easily detected by quick visual observation at 2 hr exposure. This decline in bioluminescence is consistent with reduced cellular ATP. Maximal inhibition was achieved with the lowest concentration of rotenone used (2.5 μM) indicating that any subsequent experiments specifically targeting rotenone should be carried out between 0 and 5 μM [the concentration range 0-160 μM was selected as part of a comparison with other drugs initially identified as having significant effects at 10 μM (to be published elsewhere)].
The herbicide paraquat affects mitochondrial function through increase of reactive oxygen species. Here, we demonstrate its effect on bioluminescence of C. elegans strain PE254 after exposure to a range of concentrations for 24 hr (Figure 2) . As the strain carries a luc::GFP fusion, GFP fluorescence was also measured as a means of normalization. 6, 9 Paraquat decreased bioluminescence, GFP fluorescence and normalized bioluminescence significantly. The Dunnet post-hoc test indicated that the concentrations of paraquat with significant differences in relation to vehicle control were 4 and 8 mM for bioluminescence and normalized bioluminescence, as well as 2 mM for normalized bioluminescence. The only concentration significantly reducing GFP fluorescence was 8 mM, a concentration at which growth effects and the occasional dead worm were seen (qualitative observations). The decline in bioluminescence (and normalized bioluminescence) was greater than that of fluorescence, consistent with decreased mitochondrial function and effects on ATP production.
The citric acid cycle intermediate oxaloacetate tested on C. elegans strain PE254 at a single concentration of 8 mM, led to an increase in bioluminescence (Figure 3) . No GFP fluorescence measurements were obtained or additional visual observation carried out; however such response to a single concentration would merit further confirmatory exposure to a range of concentrations, and more detailed observations of effects. An enhancement of bioluminescence by this compound is not surprising as it can be postulated to lead to greater activity of the citric acid cycle, with ultimately greater production of ATP (nevertheless it would be advisable to control for any effects on luciferase levels by assessing GFP fluorescence in subsequent experiments). The oxaloacetate data sets shown reveal the extent of variability in response seen in luciferase based experiments. In our experience this variability is a feature of the test system particularly for less detrimental exposure conditions.
The firefly luciferase inhibitory compounds DDD00001434, DDD0001477, DDD00000635 and DDD00023047 were tested both in vitro by looking at effects on the purified enzyme and in vivo using the C. elegans luc:GFP expressing strain. There was no evidence that any of the compounds tested caused nematode death under the exposure conditions. All 4 compounds affected the luciferase activity in vitro at the 2 concentrations tested 25 and 100 μM ( Figure 4A) . DDD00001434 killed the activity of the purified luciferase almost completely, which provided a credible bioluminescence CLSII kit (Roche, Manheim, Germany) was used according to instructions with the same amount of luciferase enzyme aliquoted to wells (white 96-well microtiter plates 
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Discussion
The model organism C. elegans provides a powerful experimental system. It is easy to culture and produces plentiful genetically identical progeny with a 3.5 day life cycle from egg to reproducing adult (via juvenile larval stages L1 through to L4). Due to its small size, it can be conveniently grown in 96-well plates, facilitating compound screening. We present a phenotypic screening protocol based on strains of C. elegans that act as in vivo sensors of energy levels. 14 The protocol is applicable to any laboratory, although a 96-well plate luminometer and a sterile cabinet is required. It is important to prevent contamination in assays by using good laboratory technique. If working manually, the maximum number of nematode plates achievable is 13 per experiment allowing the testing of 2x 96-well drug plates and including two vehicle plates. Representative results are presented for the mitochondrial complex I inhibitor rotenone, the superoxide generator paraquat, the citric acid cycle intermediate oxaloacetate and four compounds with known firefly luciferase inhibitory activity. The first two compounds led to a decrease in bioluminescence as predicted whereas oxaloacetate led to an enhancement, likely to result from greater generation of ATP. The oxaloacetate data sets also demonstrate the intrinsic variability in experiments based on firefly luciferase as a reporter. A minimum of three independent experiments are advisable to ascertain robustness of responses to unknown compounds.
Inhibition of firefly luciferase activity was identifiable with an in vitro assay using a commercial kit. 3 One of the compounds resulted in a substantial increase in GFP fluorescence consistent with the inhibitor increasing the levels of GFP-tagged firefly luciferase by binding to the luciferase enzyme's active site, and rendering it more stable. 15 In some instances (not in this particular case) this can lead to increased levels of bioluminescence when the inhibitor is displaced by excess substrate. 15 It is, therefore, important not to interpret results erroneously from compounds that interact with the firefly enzyme as decreased or increased ATP levels/mitochondrial function. Changes in luminescence signal quite often correlate with additional measurements of health such as movement, development and growth. As an example, a compound is a suspect luciferase inhibitor if a dramatic decline in bioluminescence signal is detected but worms are indistinguishable from controls by microscopic observation. An increase in GFP fluorescence, not explained by growth or compound autofluorescence, may also point to an inhibitor. A number of luciferase inhibitors 15 are known and have been entered into PubChem. Therefore in the first instance, it is good practice to consult information on luciferase inhibitors held by PubChem; followed by testing of the compound effects in in vitro assays with the purified enzyme 3 and/or confirmation of effects on mitochondrial function by additional means. 16, 17 GFP fluorescence measurements enable the detection of firefly luciferase levels (and the potential detection of some luciferase enzyme inhibitors as discussed above) making a strong case for measuring this endpoint alongside bioluminescence where possible. Normalization of bioluminescence readings to GFP is also a means of accounting for variations in worm numbers between wells (although this can also be achieved by inclusion of multiple technical replicates). For greater sensitivity, it is important to subtract background fluorescence from readings. The protocol assesses contribution of the bacterial suspension to the background fluorescence, however nematode autofluorescence is not
The exposure time should be limited to times that do not allow significant levels of reproduction to take place in the well. We recommend that the total developmental time of nematodes is kept under 66-67 hr. Although convenient, nematodes are gravid by then and have initiated egglaying. Nevertheless we found bioluminescence readings from egg preparations to be negligible (not shown). The sur-5 promoter driven transgene expression is first detected only two to two and a half hours after fertilization at the 100 cell stage 22 and the chitinous eggshell is likely to limit entry of luciferin. Others have found that embryonated eggs did not contribute significantly to the metabolism of gravid adults. 23 However, conditions allowing for significant offspring production are to be avoided. If preferred, the experimental timescale can be shifted back: we have previously initiated exposure to an environmental toxin at the late L3 larval stage (36 hr) and carried out bioluminescence and GFP measurements at 55 hr. 2 Alternatively, genetic backgrounds that are conditionally sterile can be used to prevent progeny production, as for example the fer-15(b16) II; fem-1(hc17) IV double mutant which can be maintained at 15 °C, but is sterile at 25 °C. 24 The use of FuDR to induce sterility is not recommended as this can in itself affect nematode metabolism. 25 The assay could also be performed in strains with more permeable cuticles such as partial loss-of-function bus-8 mutants which are multidrug-sensitive due to increase permeability of drugs. 26 This will facilitate shorter exposures and lower compound concentrations. The conditions for adding luciferin to these nematodes may also need adjusting i.e., 1% DMSO and 0.05% Triton-X100 in the luminescence buffer may not be required to enhance luciferin availability.
The protocol uses 1% DMSO as vehicle for compound delivery. Although not lethal, this concentration of DMSO has some biological effects as we have discussed in a previous publication. 3 Many of the available drug libraries are prepared in 100% DMSO, at concentrations that will be suitable for cell-based assays after dilution of vehicle to 0.1%. Higher compound concentrations are required to elicit responses in C. elegans when compared with human cells, such that it is often not possible to conduct assays at lower than 1% DMSO. Again, the use of strains with more permeable cuticles may lead to testing with lower concentrations of vehicle. Concentrations of DMSO higher than 1% are not recommended.
A set incubation time with luciferin prior to readings should be adhered to. As previously shown, luminescence reaches its maximum levels within the second minute after adding luciferin, remaining relatively stable for the first 5 min, followed by a slow gradual decrease in luminescence over the next 30 min The protocol involves a starvation step following collection of eggs to achieve synchronization of the nematode population. We recommend synchronization of nematode test populations since different developmental stages differ in cellular ATP levels and may respond differently to the test compounds. By carrying out the starvation in S complete medium as opposed to M9, the hatching nematodes are provided with a carbon source (ethanol), so that larvae do not develop but are not completely starved. 27, 28 It has also been shown that arrested L1's are primed for rapid response to food and normal L1 growth rate is achieved within 3 hr after food becomes available. 29 However, it the possibility that the starvation step may alter the metabolism of C. elegans cannot be excluded. 30 For this reason the length of starvation should not exceed 24 hr (18 hr is sufficient for synchronization). Certain laboratories may have the possibility of using a Copas Biosorter for age synchronization bypassing the starvation step altogether. Other laboratories may have a preference for expanding the nematode population on solid media (NGM plates with OP50) prior to bleaching (step 3.1) and this will work well too. We use S medium during compound exposure as a standard medium for nematode culturing, however other media can be selected, for instance K medium or EPA moderately hard water are often used for ecotoxicological studies. 31, 32 The protocol provides a means to screen and to identify candidates for further testing in terms of the effects on mitochondrial function. At the stage of primary screening it is likely that some compounds will have been missed due to only one concentration being tested, therefore drug screens should not be considered exhaustive. Hits can be validated by the use of techniques for assessing different aspects of mitochondrial function for example oxygen consumption, C. elegans strains with GFP expressing mitochondria, stains for mitochondrial membrane potential and/or ROS measurements. 16, 33, 34 The greatest significance of the methodology is to have a means for screening large number of compounds and/or conditions at the multicellular organismal level, and importantly to be able to take advantage of the genetic tractability of C. elegans to investigate mechanisms of action. The technique may help to accelerate and find new pathways to the discovery of interesting compounds and targets. It is envisaged that the combination of the sensor with genetic backgrounds associated with human disease for screening of compound libraries in a disease relevant context will have much to offer.
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